The El Niño/Southern Oscillation (ENSO) strongly influences the large-scale atmospheric circulation over the extratropical North Pacific during boreal winter, which has an important impact on North American winter climate. This study analyses the interdecadal variability of the ENSO teleconnection to the wintertime extratropical North Pacific, over the period 1900-2010, using a range of observationally derived datasets and an ensemble of atmospheric model simulations. The observed teleconnection strength is found to vary substantially over the 20th century. Specifically, 31-year periods in the early-century (1912-1942), mid-century (1946-1976) and the late-century are identified in the observations when the ENSO teleconnection to the North Pacific circulation are found to be particularly strong, weak and strong respectively. The ENSO teleconnection to the North Pacific in the atmospheric model ensemble is weak in the mid-century period and substantially stronger in the late-century, closely following the variability in the observed ENSO-North Pacific teleconnection. In the earlycentury, however, the atmospheric model also exhibits a weak teleconnection to the North Pacific, unlike in observations. In a subset of the model realisations that exhibit similar ENSO-North Pacific teleconnection as in observations during the early-century period there are large differences in extratropical circulation but not in equatorial Pacific precipitation anomalies, in contrast to the late-century period. This suggests that the high correlation in the early century period is largely due to internal extratropical variability. The important implications of these results for seasonal predictability and the assessment of seasonal forecasting systems are discussed.
Introduction
The El Niño-Southern Oscillation (ENSO) phenomenon in the equatorial Pacific ocean is one of the most important sources of variability in global climate (McPhaden et al. 2006; Sarachik and Cane 2010) . ENSO influences remote regions though "teleconnections" (Bjerknes 1969 ). The sea surface temperature (SST) anomalies over the eastern equatorial Pacific influence the temperature and precipitation of other regions in the tropics by shifting the location of convection associated with the upward branch of the Walker circulation (e.g. Ropelewski and Halpert 1987) . The convection anomalies associated with ENSO also have teleconnections with the extratropics (e.g. Trenberth et al. 1998) . The anomalous heating generates anomalous upper-level divergent outflow and associated convergence in the subtropics. This acts as a source of Rossby waves, which propagate into the extratropics and result in large-scale extratropical circulation anomalies that influence seasonal climate (Branstator 1985; Sardeshmukh and Hoskins 1988) .
The ENSO teleconnection to the North Pacific is particularly strong during boreal winter, when El Niño events tend to peak. During an El Niño the Aleutian Low tends to deepen and shift south, associated with equivalent barotropic circulation anomalies (Bjerknes 1969; Namias 1976; Horel and Wallace 1981) , with approximately opposite anomalies occurring during La Niña events (Trenberth et al. 1998) . The wintertime circulation anomalies over the North Pacific are closely related to the Pacific/North American (PNA) pattern (Wallace and Gutzler 1981) , and these large-scale circulation anomalies are responsible for significant temperature and precipitation anomalies over North America (e.g. Gershunov and Barnett 1998a; Cayan et al. 1999) .
However, previous studies have shown that the observed ENSO teleconnection to the North Pacific exhibits pronounced interdecadal variability, as shown by Gershunov and Barnett (1998b) . McCabe and Dettinger (1999) showed that the relationship between ENSO and winter precipitation anomalies over the western United States varies substantially during the 20th century. Minobe and Mantua (1999) found that the relationship between ENSO (measured using both the Southern Oscillation Index and the Cold Tongue Index of equatorial Pacific SSTs) and winter sea-level pressure (SLP) anomalies in the Aleutian Low region was strong in the early and late 20th century but was remarkably weak between . A similar change in correlation was shown by Diaz et al. (2001) in their analysis of the interannual relationship between late winter (February-April) ENSO and 500 hPa geopotential height anomalies over the second half of the 20th century. The shift between weak interannual correlation between ENSO and the Aleutian Low to the stronger correlation after 1977 closely corresponds to the late 1970s climate shift in the Pacific (e.g. Trenberth and Hurrell 1994; Mantua et al. 1997; Minobe 1997; Zhang et al. 1997) . After 1977, the amplitude of ENSO events increased (Wang 1995) , exerting a stronger forcing on the extratropics (Diaz et al. 2001 ) and a greater nonlinearity in the response of local surface winds to tropical Pacific SSTs (Wu and Hsieh 2003) . However, the shift in interannual correlation during the 1940s-identified by Minobe and Mantua (1999) -does not seem to be associated with such clear changes in ENSO variability (e.g. Trenberth and Shea 1987; Mantua et al. 1997; Deser et al. 2010) . Therefore, the characteristics and causes of these apparent interdecadal modulations in the ENSO teleconnection to the wintertime North Pacific circulation remain unclear.
As well as having important implications for Northern extratropical climate variability, the interdecadal variability in the ENSO teleconnection to the North Pacific is also important for seasonal climate predictability. Significant recent developments have resulted in increased skill of seasonal forecast systems for the extratropics in the Northern Hemisphere winter Dunstone et al. 2016) . O'Reilly et al. (2017) showed that in Northern Hemisphere seasonal hindcast experiments the skill of the PNA varies dramatically over the 20th century, closely following the observed relationship between ENSO and the PNA. The drop in skill over the North Pacific in the mid-20th century also corresponds to a period of reduced skill in over the Euro-Atlantic sector O'Reilly et al. 2017) . Understanding the nature of the interdecadal variability in the ENSO teleconnection to the North Pacific is therefore crucial in determining how seasonal forecast skill has varied in the past and may possibly change going forwards.
In this study we investigate the variability of the wintertime ENSO teleconnection to the North Pacific between 1900 and 2010. We analyse modern observational datasets and an ensemble of model simulations. The datasets and simulations are outlined in the following section. We then assess the evidence of interdecadal variability of the ENSO teleconnection to the North Pacific in the observational datasets, in Sect. 3. The ENSO teleconnection variability is then analysed in an ensemble of atmospheric model simulations, in Sect. 4. We finish with a summary and further discussion.
Datasets and methods

Observational datasets
The variability of the ENSO teleconnection is analysed here using a number of observationally derived gridded datasets that are available from 1900 onwards. We restrict our observational analysis to SLP for the North Pacific circulation indices because we are mainly interested in the surface anomalies associated with ENSO. Moreover, extensive upper-air observations are only available during the latter half of the 20th century and only surface observations are assimilated into the 20th century reanalysis products. We employ multiple datasets for both the SST and SLP to give a range of observational uncertainty. Many of these datasets are essentially produced using the same raw observational data and these are associated with their own particular uncertainties, which can be considerable (e.g. Kent et al. 2016) . Nonetheless, analysing the various datasets provides a range of observational estimates due to the different data processing techniques, which are expected to be largest where the observations are most uncertain.
We analyse SST anomalies from four gridded monthly products: the NOAA Extended Reconstructed SST v4 (ERSST), provided on a 2
• × 2 • grid (Huang et al. 2015) ; the Hadley Centre Sea Ice and SST dataset v2.1 (HadISST), provided on a 1
• × 1 • grid (Rayner et al. 2003) ; the Centennial In Situ Observation-Based Estimates of SST v2 (COBE), provided on a 1
• × 1 • grid (Hirahara et al. 2014 ); the Kaplan Extended SST v2 (Kaplan) , provided on a 5
• × 5
• grid (Kaplan et al. 1998) . Prior to the analysis the climatology from 1900-2010 was removed from each of the datasets individually but no detrending has been applied. We analyse SLP anomalies from three gridded monthly products. The first is the Hadley Centre SLP dataset v2 (HadSLP), which is produced using surface pressure observations over land and ocean using a statistical interpolation procedure. HadSLP is provided on a 5
• grid (Allan and Ansell 2006) . The second SLP dataset we use is taken from the European Centre for Medium Range Weather Forecasts (ECMWF) 20th century reanalysis (ERA-20C), which is a reanalysis produced by assimilating only surface pressure and marine wind observations (Poli et al. 2016) . SLP from ERA-20C was downloaded on a 2.5 • × 2.5
• grid. The third SLP dataset we use is taken from the NOAA-CIRES 20th century reanalysis v2c (20CR), which was produced by assimilating surface pressure observations using an ensemble filter technique and is available on a 2
• × 2 • grid (Compo et al. 2006 (Compo et al. , 2011 . In Sect. 4, we also present analysis from the ECMWF ERA-Interim reanalysis product, which is available from 1979 onwards (Dee et al. 2011 ).
In addition, we analyse cloud-cover anomalies from the ICOADS dataset (Woodruff et al. 2011) , which is a proxy for convective precipitation over oceans in the tropics (where precipitation observations are not available prior to the satellite period). This is provided on a 2
• × 2 • grid. To remove spurious trends due to changes in observational methods we removed the trend of the cloud-cover averaged over the tropics ( 30
• S-30
• N ) from each grid point, following Deser and Phillips (2006) .
Here we analyse data for the boreal winter, defined as the December-January-February average, where the year of each winter refers to the year in which the winter ends (i.e. the DJF winter of 1900/1901 would be referred to as 1901).
ERA-20CM simulations
In addition to the observational datasets, we also analyse output from ERA-20CM, which is an ensemble of atmospheric model simulations, run between 1899 and 2010 (Hersbach et al. 2015) . These simulations consist of 10 freely evolving ensemble members (i.e. they do not assimilate any synoptic atmospheric observations), forced with prescribed SST and sea ice boundary conditions. Forcings in the radiation scheme follow Coupled Model Intercomparison Project Phase 5 (CMIP5) recommendations (Taylor et al. 2012 ) and include time-varying components of solar, greenhouse gas, ozone and aerosol forcing. For example, the impact of the major volcanic eruptions of Agung, El Chichón and Pinatubo on global surface air temperatures are well captured by the model ensemble (Hersbach et al. 2015) . The simulations are run using the ECMWF integrated forecasting system (IFS) at T159 resolution ( ≈ 125 km ) with 91 vertical levels. SST and sea ice boundary conditions were taken from the HadISST (v2.1) dataset. For each ensemble member, a unique SST realisation was drawn from the posterior probability distributions of the analysed fields. However, for the ENSO indices analysed here the difference in SST between the ensemble members is very small compared to the interannual variability (the Nino-3 indices from ERA-20CM are shown in Supplementary Figure 1) . Geopotential height at 500 hPa is one of the few variables that is output with a daily temporal resolution from the ERA-20CM ensemble, so we will use this field to some measure of the storm track variability. Wintertime anomalies from the ERA-20CM ensemble were calculated relative to the ensemble mean climatologies but no detrending has been applied to any of the fields.
Signficance tests
The statistical significance of the correlation/regression differences between different periods in observations was calculated using a Monte Carlo bootstrap resampling method. In each of the periods, the two datasets were randomly resampled with replacement to produce dummy 31-year indices. The correlation/regression was then calculated for the two dummy datasets and the difference saved. This was performed 10,000 times to build up a distribution of the variability of the differences based on sampling uncertainty. Where the sign of the correlation/regression of full difference between the two periods is the same in at least 95% of the random samples, the difference is deemed significant at the 5% level. This method was used for the results shown in Figs. 3 and 5.
The significance of the difference between the median regression maps in Sect. 4 were calculated using the distributions of the 10,000 sampled ERA-20CM ensemble regression maps from each period. For each grid point, the sign of the median difference between the regression maps of the two periods was compared with the distribution of the 10,000 sampled ERA-20CM ensemble regression differences. Where the sign of the median difference between the two periods is the same in at least 95% of the sampled regression differences, the difference between the two periods is deemed significant at the 5% level. This method was used for the difference plots shown in Figs. 7, 8, 9, and 10 .
The significance of the observed correlation and regression plots were calculated using a two-sided t-test. Care was taken to account for the effective number of degrees of freedom by accounting for the auto-correlation of the different datasets, following the method of Bretherton et al. (1999) .
Wintertime North Pacific teleconnection in observations
We begin our analysis by assessing the ENSO teleconnection to the North Pacific in the observational datasets. Throughout this study we will use the standard Nino-3 region ( 90 Trenberth 1997 ) as the index of ENSO. This is chosen over other ENSO SST indices (i.e. Nino 1 + 2, Nino-3.4 and Nino-4) because it exhibits the strongest relationship with extratropical North Pacific SLP anomalies over the full 1901-2010 analysis period (Supplementary Figure 2) . However, the results and conclusions throughout are qualitatively similar if the Nino-3.4 index is used. Figure 1 shows the regression of the winter SLP anomaly (for HadSLP but the other datasets are similar) onto the mean Nino-3 index (which is an average of the Nino-3 indices from each of the SST datasets, Fig. 2 ). As found in numerous previous studies, ENSO exhibits a strong influence on the strength of the Aleutian Low, being deeper in El Nino years and weaker in La Nina years. The largest ENSO influence on the winter North Pacific is seen over the eastern part of the basin, outlined by the red box in Fig. 1 ( 120
• N ). We will refer to the negated area-averaged SLP anomaly (i.e − 1 × SLP � ) in this region as the North Pacific index, although it is important to note that this region is located slightly further east than the commonly used North Pacific SLP index of Trenberth and Hurrell (1994) Fig. 2c . For the mean indices, the link between the Nino-3 SSTs and North Pacific SLPs are strong over the most recent period and also in the early part of the 20th century, however, during the mid-century the relationship weakens substantially. Similar variability in the relationship between Nino-3 and the North Pacific is also seen in pairs of the individual SST and SLP datasets but in no pairing is the mid-century correlation similar to the late-century. There is little difference in the relationship between the Nino-3 index and North Pacific index for periods in the latter half of the 20th century but for periods before about 1970 there is substantial spread between the different pairs of individual datasets. (1912-1942 and 1980-2010) and a period in the mid-century when the indices are weakly correlated . The horizontal black lines in a and b indicate the average values of the mean Nino-3 and North Pacific indices during these periods To further analyse the interdecadal variability we identify periods during which the ENSO teleconnection to the North Pacific is strong, in the early and late 20th century, and a mid-century period during which the teleconnection was weaker (Fig. 2c) . The difference in the interannual Nino-3-North Pacific index correlation between the mid-century period ( r = 0.32 ) and the early/latecentury periods ( r = 0.62/r = 0.67 ) is substantial and is significant at the 5% level in both early and late periods (although the differences are slightly lower for correlations involving the ERSST Nino-3 index), as shown in Fig. 3 . The correlation between the North Pacific index and SST anomalies in the early, mid and late-century periods are shown in Fig. 4 . The correlation with North Pacific SSTs is similar in all periods, reflecting the forcing of the extratropical ocean by atmospheric circulation anomalies (e.g. Liu and Alexander 2007) . The correlation with tropical Pacific SSTs, however, is very low during the mid-century, further highlighting the weak influence of tropical Pacific SSTs on the North Pacific circulation during this period.
In addition to analysing the influence of ENSO on the North Pacific index, we also performed similar analysis using the 1st empirical orthogonal function (EOF) of SLP over the North Pacific (following the method of, e.g., Yu and Kim 2011). The principal component timeseries of the 1st EOF of extratropical SLP is very similar to the North Pacific index, with a correlation coefficient of r = 0.94 over the 1901-2010 period. The patterns of variability associated with the 1st EOF are also similar in the early, mid and latecentury periods, despite being calculated separately for each period (Supplementary Figure 3) . The relationship between the 1st EOF of extratropical SLP and SST anomalies shows a similarly variable link with tropical Pacific SST anomalies, as seen in Fig. 4 for the North Pacific index. Therefore, the variable influence of the tropical Pacific SSTs on the North Pacific circulation in not sensitive to the method used to define the large-scale circulation anomalies.
To examine the teleconnection to the North Pacific in more detail we calculated regression maps of SLP anomalies against the mean Nino-3 index, which are shown for the early, mid and late-century periods in Fig. 5 (shown for HadSLP data, ERA-20C and 20CR yield similar results). The SLP anomaly regression in the North Pacific during the mid-century is weak compared to both the early period and the late period, when the teleconnection is strongest. The difference plots, also shown in Fig. 5 , indicate the ENSO teleconnection to the Northeast Pacific is significantly stronger in both the early and late periods. The difference plots for the early and late periods contrast over the tropical East Pacific, where the difference is only significant in the late-century period (Fig. 5c ) but this is not seen in ERA-20C and 20CR, so does not seem a robust result.
We also analysed cloud-cover anomalies regressed onto the Nino-3 index during these different periods (Supplementary Figure 4 ). In the late century period, there are large cloud cover anomalies over the central tropical Pacific, indicative of increased precipitation over this region during El Nino events. The cloud cover response to Nino-3 in the late-century period is stronger than in the mid-century period, although there is more missing data in this period. This suggests that the response of precipitation in the equatorial Pacific is larger in the late-century period than in the mid-century period. Unfortunately, there is very little cloudcover data in the early-century period, so comparison with the mid-century period is not conclusive. To overcome these data issues, in the next section we will analyse the output of the ERA-20CM atmospheric model ensemble.
The average values of the Nino-3 and North Pacific indices over the early, mid and late-century periods are also shown in Fig. 2 . The mid-century period during which there is a weak relationship between Nino-3 SSTs and North Pacific circulation, is characterised by a weakening of the Aleutian Low and anomalously cool SSTs in the tropical Pacific. The late-century period, when the (a) (b) Fig. 3 Correlation sampling uncertainty, calculated using 10000 bootstrap resamples, comparing a 1912-1942 with 1946-1976, and b 1980-2010 with 1946-1976 . The coloured lines show the distributions for the correlation between the mean Nino-3 and mean North Pacific indices; grey lines indicate distributions of the correlation between all the individual SST and SLP datasets relationship between Nino-3 SSTs and North Pacific circulation is strong, is characterised by a strengthening of the Aleutian Low circulation and anomalously warm tropical Pacific SSTs. These two periods correspond to those associated with interdecadal Pacific variability noted in previous studies (e.g. Trenberth and Hurrell 1994; Zhang et al. 1997; Deser et al. 2004 ) and the related Interdecadal Pacific Oscillation (e.g. Parker et al. 2007; Henley et al. 2015) . However, the early-century period , during which the relationship between Nino-3 SSTs and North Pacific circulation is also strong, corresponds to fairly normal conditions in the Nino-3 and North Pacific indices. This suggests that the strong link between the tropical Pacific SSTs and the North Pacific circulation in the early and late-century periods might have be forced somewhat differently.
Wintertime North Pacific teleconnection in ERA-20CM
We now assess the interdecadal variability of the ENSO teleconnection to the North Pacific in the ERA-20CM atmospheric model ensemble. Comparing the observed variability with ERA-20CM allows us to test the extent to which the variability in the teleconnection is driven by SST variability, since the model is forced with observed SSTs at the lower boundary. Utilising the ten ensemble members in ERA-20CM we can investigate the role of internal variability due to atmospheric dynamics. Another advantage of using these simulations is that where the model has similar relationships between the SST and SLP fields, we can analyse other atmospheric variables such as precipitation or upper-level wind fields for which observational records over the entire 20th century do not exist. The wintertime North Pacific index for each of the ERA-20CM members is shown in Fig. 6a . There is clear spread between the individual ensemble members but still an appreciable ensemble mean signal. To measure the strength of the ensemble mean signal relative to the ensemble spread we calculated the signal-to-noise ratio of the North Pacific index, defined here as the magnitude of the ensemble mean divided by the ensemble spread. The signal-to-noise ratio of the North Pacific index from ERA-20CM, along with the standard deviation of the Nino-3 SST index, over 31-year windows are plotted in Fig. 6b . The signal-to-noise ratio is largest in the late-century period and is significantly lower during the mid-century period during which the observed influence of the tropical Pacific on the North Pacific index is lower (i.e. Fig. 5 ). However, the signal-to-noise ratio is equally low in the early-century period as the mid-century period. The low signal-to-noise in the early and mid-century periods corresponds to periods when the variability in the Nino-3 SST index was fairly weak, whereas in the late-century period the higher signal-to-noise ratio in the North Pacific index corresponds to a period of larger variability in the Nino-3 SST index. Also shown in Fig. 6b is the standard deviation of the Southern Oscillation Index 1 (SOI) over 31-year windows. The variability of the SOI closely follows that of the Nino-3 index, indicating that the weaker variability in the early and mid-century periods is not only seen in the tropical SST data but also the tropical SLP. The signal-to-noise in the North Pacific index, therefore, approximately follows the variability in the Nino-3 SSTs (and SLP anomalies associated with the SOI), such that when there are stronger anomalies in the tropical Pacific there tends to be a stronger ensemble mean signal in the North Pacific circulation. This suggests that the stronger link between the Nino-3 SSTs and North Pacific index in the late-century period may be due to larger magnitude tropical SST anomalies. However, this does not seem to be the case in the early-century period, when the Nino-3 SST (and SOI) variability is indistinguishable from the mid-century period. 
Sampled ERA-20CM realisations
We next analyse how the ENSO teleconnection to the North Pacific is represented in the ERA-20CM simulations. Our aim here is to assess how the realisations of the North Pacific response to tropical SST variability correspond to observations. However, there are only ten ensemble members in ERA-20CM. To obtain a larger set of plausible ERA-20CM realisations we generate "sampled realisations", which are calculated by selecting one ensemble member from each year to produce a 110-year timeseries. Since the SST boundary condition of each ensemble member is very similar (i.e. Supplementary Figure 1) , the North Pacific index from one year to the next are effectively indistinguishable between ensemble members. This was tested by calculating the autocorrelation of the North Pacific indices of each ensemble member with themselves and all other members, which are found to exhibit no appreciable difference (Supplementary  Figure 4) . The absence of year-to-year autocorrelation indicates that this is an acceptable resampling method, which would not be the case if there was significant autocorrelation in the ensemble members. Here, we compute 10,000 sampled realisations from the ERA-20CM ensemble and analyse the distribution of these equally plausible model realisations, which we can compare with the observations. The distribution of the correlation between the Nino-3 and North Pacific index for the sampled ERA-20CM ensemble is shown in Fig. 6c . The median correlation of the sampled ERA-20CM ensemble is very similar to the observations during the late-century period, where the spread in the sampled ERA-20CM ensemble distribution is smaller than in earlier periods. The sampled ERA-20CM ensemble also well captures the weak correlation in the mid-century period, indicating that the North Pacific index was much less constrained by the SSTs in the mid century period than in the late-century period, when the tropical Pacific SST variability is larger (Fig. 6b) . This is also evident in the increased spread of the correlation values during the midcentury period, suggesting that internal atmospheric variability is more important during this period compared with the late-century. In the early-century period, however, the median correlation of the sampled ERA-20CM ensemble 1946-1976, b 1980-2010, and d 1912-1942 . The difference between the regression over the mid-century period and the recent and early periods are shown in c and e, respectively. Stippling in c and e indicates where the difference between the regressions over the two periods is significant at the 5% level, calculated using a bootstrap resampling over the two periods 1 3
is much lower than the correlation in observations. The full distribution of correlations reveals that 2.7% of the sampled ERA-20CM ensemble are as large as the observed correlation during the early period (i.e. Fig. 2c ), which shows that such high correlations between the Nino-3 index and the North Pacific index are very unlikely occurrences in the simulations.
To further investigate the interdecadal modulation of the ENSO-North Pacific teleconnection in ERA-20CM, we now analyse maps of different atmospheric anomalies regressed onto the Nino-3 index. Figure 7 shows the median SLP regression maps of the sampled ERA-20CM ensemble in the early, mid and late-century periods, along with the differences between the adjacent periods. There is a stronger ENSO teleconnection to the North Pacific in the late-century compared to the mid-century, as in the observations. The teleconnection in the early-century period, however, is essentially the same as the mid-century period, similar to the previous correlation analysis, which further highlights the disparity between the observations and the simulations during the early-century.
Median precipitation regression maps of the sampled ERA-20CM ensemble are shown in Fig. 8 . Compared with the mid-century period, in the late-century period there is significantly more precipitation over the central tropical Pacific per degree of the Nino-3 index. This indicates that the tropical Pacific SSTs exert a stronger influence in the late-century period when the variability in the Nino-3 SSTs is largest. This is consistent with previous studies that have emphasised the nonlinear response of tropical precipitation to SST anomalies, particularly during the El Nino phase (e.g. Hoerling et al. 1997 Hoerling et al. , 2001 ). The nonlinearity arises due to the threshold dependence of convection in the tropics. Hoerling et al. 1997 showed that the nonlinear response of tropical precipitation alone can explain the nonlinearity in the extratropical circulation response to ENSO. The precipitation response in the sampled ERA-20CM ensemble is approximately twice as large in the late-century period as the mid-century period, which is proportional to the difference in the SLP response (i.e. Fig. 7 ). Since ERA-20CM closely matches the observations in the late and mid-century periods, this suggests that the difference in the strength of the ENSO-North Pacific teleconnection is largely due to the increase in Nino-3 SST variability in the late-century. In the early-century period, however, the precipitation anomalies in the sampled ERA-20CM ensemble are also largely indistinguishable from the mid-century period (Fig. 8e) , similar to the SLP anomalies in the North Pacific (Fig. 7e) .
To gain further insight into the extratropical atmospheric response to ENSO in the sampled ERA-20CM ensemble we also calculated regression maps for the zonal wind, u(250 hPa), and the storm track intensity, s(Z 500 ) , shown in Figs. 9 and 10, respectively. Here s(Z 500 ) is the R.M.S. 2-8 day band-pass filtered geopotential height, at 500 hPa. In the late-century period there is a stonger southward displacement of the jet than in the mid-century period. This represents a strong equivalent barotropic response in the latecentury, consistent with the deepening of the Aleutian Low Prior to computing the standard deviation of the Southern Oscillation index the full index was scaled to match the standard deviation of the Nino-3 index, to allow for simpler comparison. c Distribution of the correlation of the sampled ERA-20CM North Pacific index realisations with the Nino-3 SST index, over 31-year windows. This was produced by randomly selecting one value of the North Pacific index from the ten ensemble members for each year, calculating the correlation with the Nino-3 index over 31-year windows, then repeating this process 10,000 times to yield a distribution of correlation values. The shading in c shows the 5-95% range of the distribution, the red line shows the median of the distribution and the black line shows the correlation from the observations (as in Fig. 2c ). The circles in b and c highlight the values for the intervals 1912-1942, 1946-1976 and 1980-2010 . The plot in the bottom right corner of c shows the distribution of correlation values from the randomly sampled ERA-20CM ensemble for the period 1912-1942, the median of the distribution is shown by the red circle and the observed correlation is shown by the black circle. The observed correlation lies within the top 2.7% of the randomly sampled correlation values during the period seen in the SLP. The storm track also shows a southward displacement, which is aligned with the upper-level jet, albeit not as clearly significant. During the early-century period the ENSO connection to the upper-level jet and storm track are both indistinguishable from the mid-century period, as seen in both the precipitation and SLP anomalies.
Realisations of the 1912-1942 period
Overall, the model is able to clearly distinguish between the period of strong ENSO-North Pacific teleconnection in the late-century period and the weak teleconnection in the midcentury period. However, the strong link between ENSO and the North Pacific circulation in the early period is found to be a very unlikely occurrence in the model -exceeding the observed correlation only 2.7% of the realisations. In spite of this, it is useful to assess in what circumstances the model does have such a strong ENSO-North Pacific teleconnection. For example, is stronger tropical precipitation forcing required to give such a strong teleconnection? Or can the stronger correlation arise due to internal storm track variability in the extratropics? To investigate the strong teleconnection in the early-century we select a subset of the sampled ERA-20CM realisations that have a correlation between the Nino-3 index and the North Pacific index of between r = 0.61-0.63 in the early-century period, comparable with the observations (Fig. 6c) . There are 201 of the 10,000 sampled ERA-20CM realisations that fall within this correlation range and these realisations are reasonably well distributed between ensemble members and years. The SLP and precipitation regression maps averaged over the high-correlation subset in the early-century period are shown in Fig. 11 . By design, the SLP anomaly response to Nino-3 index closely matches the observed response in the early-century period (Fig. 11d) . The high-correlation subset also has a stronger southward shift of the upper-level jet, u(250 hPa), consistent an equivalent barotropic strengthening of the Aleutian Low over the North Pacific (Fig. 12f) . 1946-1976, b 1980-2010, and c 1912-1942 . The difference between the median regression over the mid-century period ) and the recent (1980-2010) and early (1912-1942) periods are shown in c and e, respectively. Stippling in c and e indicates where the difference between the two periods is significant at the 5% level (see text for further details of the significance calculation) This is accompanied by a distinct weakening of the storm track over the midlatitudes Northwest Pacific (Fig. 12e) , corresponding to the stronger southward shift in the upperlevel jet. More interestingly, however, the precipitation in the high-correlation subset in the early-century period is almost identical to the median of the full sampled ERA-20CM ensemble. This indicates that the stronger ENSO teleconnection to the North Pacific in the early-century period is not due to stronger tropical precipitation forcing in the equatorial Pacific, as is seen in the late-century period (i.e. Fig. 8b ), but rather due to internal atmospheric variability in the extratropics. Distributions of the precipitation regressions over the central equatorial Pacific (shown by red boxes in Fig. 8 ) in the sampled ERA-20CM realisations are shown in Fig. 13 . Almost none of sampled ERA-20CM realisations in the early-century period have a precipitation response that is stronger than even the lowest of the late-century realisations. This shows that the stronger North Pacific teleconnection in the model during the early-century period is never due to an increased tropical precipitation response to Nino-3 SSTs such as that seen in the late-century period.
The anomalously large storm track and upper-level jet responses in the high-correlation subset, therefore, suggest that the extratropical storm track variability, rather than tropical precipitation forcing, is acting in a way such that it strengthens the teleconnection in the early-century period. Whilst transient eddy fluxes typically act to reinforce the large-scale response to ENSO (e.g. Held et al. 1989; Seager et al. 2010) , there is significant variability in the eddy forcing in the extratropics between different events, which creates a spread of possible extratropical circulation responses to similar forcing in the tropical Pacific (e.g. Hoerling and Ting 1994; Deser et al. 2017) . The difference in the North Pacific SLP response to ENSO in the high-correlation subset compared with the full sampled ERA-20CM ensemble closely corresponds to a strengthening of the Aleutian Low in the North Pacific index region (Fig. 11) .
To assess how the upper-level jet and storm track differences compare with a typical strengthening of the Aleutian Low, we have regressed these anomalies onto a normalised North Pacific index over the whole ERA-20CM dataset (Fig. 14) . The differences between the upper-level jet and and the recent and early periods are shown in c and e, respectively. Stippling in c and e indicates where the difference between the two periods is significant at the 5% level storm track response to ENSO in the high-correlation subset compared with the full sampled ERA-20CM ensemble are very similar to those associated with a strengthening of the North Pacific index. Since there are not velocity transients available in the ERA-20CM, it is not possible to directly estimate the contribution of transient eddies to the strengthening of the Aleutian Low. However, we can do similar analysis using the ERA-Interim reanalysis , since full atmospheric anomalies are provided at 6-h intervals. Maps of the anomalies regressed onto the normalised North Pacific index in ERA-Interim are also shown in Fig. 14 . The SLP, upper-level jet and storm track anomalies are all very similar to those in ERA-20CM and therefore also similar to the differences seen between the high-correlation subset and the full sampled ERA-20CM ensemble. Using the ERA-Interim reanalysis, however, we are able to calculate the zonal velocity tendency due to transient eddies. This gives a measure of the transient eddy forcing, (du∕dt) eddy , of the North Pacific index:
where S is the streamfunction tendency due to 2-8 day bandpass filtered horizontal eddy vorticity fluxes at 250 hPa in the upper-troposphere 3 (following, e.g., Hoskins et al. 1983 ). The anomalous vorticity flux due to the transient eddies acts to force westerly anomalies in the eastern North Pacific basin (Fig. 14g) , with the maximum in westerly eddy forcing occuring along the axis of the strong westerly anomalies (Fig. 14f) . This suggests that the stronger Aleutian Low circulation in the high-correlation subset was likely forced by anomalously high transient eddy activity over the North Pacific, similar to that seen in the ERA-Interim data. The results from the ERA-20CM ensemble, therefore, suggest that anomalous storm track activity in the extratropical North Pacific could be responsible for the strong teleconnection from ENSO in the early-century period, rather than anomalously high forcing from tropical Pacific precipitation. 1946-1976, b 1980-2010, and c 1912-1942 . The difference between the median regression over the mid-century period and the recent (1980-2010) and early (1912-1942) periods are shown in c and e, respectively. Stippling in c and e indicates where the difference between the two periods is significant at the 5% level 1 3
Implications for extratropical North Pacific predictability
The weakness of the ENSO teleconnection to the North Pacific in the ERA-20CM ensemble during the early-century period has implications for assessing seasonal predictability.
Taking the simulations at face value, in the early-century period anomalous internal atmospheric dynamics acted to amplify the observed strength of the ENSO teleconnection to the North Pacific. To consider the impact of this on seasonal predictability, we now assess the hindcast "skill" of the ERA-20CM ensemble. Whilst the ERA-20CM ensemble is clearly not directly comparable with initialised seasonal forecast systems, it may be a useful tool to test the amount of skill in the North Pacific circulation that can be derived from correct SSTs and to a lesser extent external forcing (i.e. in the absence of skill from initial conditions). Whilst this is an assumption, hindcasts of tropical SSTs typically exhibit high levels of skill in operational seasonal forecast systems (Weisheimer et al. 2009 ) and are the dominant source of skill for many regions (Smith et al. 2012 ).
To measure the "skill" of the ERA-20CM ensemble we calculate the correlation between the ERA-20CM ensemble mean and the observed North Pacific index, which is plotted in Fig. 15 for moving 31-year windows. The variability in correlation closely follows the variability in PNA skill demonstrated in seasonal hindcast experiments of the PNA by O'Reilly et al. (2017) . In the mid-century period, the ensemble mean correlation disappears, owing to the weakness in the observed ENSO teleconnection to the North Pacific. However, in the early-century period the correlation is nearly as high as the late-century period, despite ERA-20CM only clearly being able to sufficiently simulate the teleconnection to the North Pacific in the late-century period (i.e. Fig. 6 ). In the early period, the model appears to be under-confident, which can be demonstrated by calculating the "ratio of predictable components" (RPC) following Eade et al. (2014) shown in Fig. 15 . This is a measure of the predictable signal in the ensemble compared with the correlation between the ensemble mean and observations. An RPC of 1 represents a model that properly captures the observed signal, whereas an RPC > 1 indicates an under-confident ensemble. In the 1946-1976, b 1980-2010, and c 1912-1942 . The difference between the median regression over the mid-century period and the recent (1980-2010) and early (1912-1942) periods are shown in c and e, respectively. Stippling in c and e indicates where the difference between the two periods is significant at the 5% level early-century period, ERA-20CM is significantly underconfident, which suggests that the model is not capturing the predictable signal as strongly as would be expected based on the strong correlation with observations. The under-confidence in the ERA-20CM ensemble could be related to a predictable pathway linking the tropical Pacific SSTs to the North Pacific circulation in observations that is weakly represented in the model. For example, this could be via interaction with the stratosphere. However, this would mean that this mechanism is only important for determining the strength of the teleconnection to the North Pacific during the early-century period and not during the mid and late-century periods, when the teleconnection is well captured by the ERA-20CM ensemble. It could, of course, be that SST observations are inaccurate during the early-century period and as a result the tropical forcing in the model is not strong enough to capture the observed teleconnection strength. The relative paucity of SST samples during the early-century period could be underestimating the magnitude of the seasonal SST anomalies in the equatorial Pacific. This could result in reduced magnitude tropical precipitation anomalies in the ERA-20CM simulations and the weaker teleconnection to the extratropical North Pacific. However, the variance in the Southern Oscillation Index in the early and mid-century period closely matches that seen in the Nino-3 SST indices, despite being calculated using surface pressure observations, indicating that perhaps the magnitude of SST anomalies in the early-century period are not being underestimated.
Another possibility is that the ERA-20CM is accurately representing the predictable pathways linking tropical Pacific SSTs and North Pacific circulation. If this is the case, the apparent under-confidence in ERA-20CM during the earlycentury period is due to internal extratropical atmospheric variability, which resulted in a fortuitously strong ENSONorth Pacific relationship and therefore a high correlation 
Summary
In this study we have analysed the interdecadal variability of the ENSO teleconnection to the wintertime extratropical North Pacific. Using a number of observation-based gridded datasets of SLP and SST we have shown that the teleconnection strength varies substantially from 1900 onwards. Specifically, 31-year periods in the early-century (1912-1942), mid-century (1946-1976) and the late-century are identified when the ENSO teleconnection to the North Pacific circulation are found to be particularly strong, weak and strong respectively. In the early and late-century periods ENSO exhibits a similarly strong control on the SLP anomalies over the North Pacific, strongly increasing/decreasing the strength of the Aleutian Low in winters with positive/ negative SST anomalies in the Nino-3 region. In the midcentury period, however, there is only a weak observed link between the Nino-3 SSTs and the North Pacific circulation. . The black contours indicate where the regression plots for the ERA-Interim data are significant at the 5% level, based on a a two-sided t-test. All shaded areas for the ERA-20CM regression maps exceed the 5% significance level, based on a two-sided t-test
The ENSO teleconnection to the North Pacific in the sampled ERA-20CM ensemble is weak in the midcentury period and is substantially stronger in the latecentury, closely following the variability in the observed teleconnection (i.e. Fig. 6c ). In the late century period, the stronger teleconnection to the North Pacific is accompanied with an approximately proportional increase in equatorial Pacific precipitation response to Nino-3 SSTs. The increased tropical precipitation response is associated with a increased variability in the observed Nino-3 SSTs in the late-century period and series of strong extreme El Nino events (i.e. Nino-3 anomaly > + 1 K ), which have a nonlinear influence on tropical precipitation anomalies (e.g. Hoerling et al. 1997) . This is consistent with the increased cloud-cover response in the late-century period seen in the observations (i.e. Supplementary Figure 4) . In the early-century, however, the sampled ERA-20CM also exhibits a weak teleconnection to the North Pacific, which is in contrast to the strong teleconnection seen in observations. In fact the response of the model to Nino-3 SSTs in the early-century periods is almost indistinguishable to the mid-century period in terms of North Pacific SLP, upper-level jet and storm track responses and in terms of tropical Pacific precipitation anomalies. The strong ENSO teleconnection to the North Pacific seen in observations during the early-century period is a highly unlikely occurrence in the ERA-20CM model, with only 2.7% of the sampled ERA-20CM realisations exceeding the observed ENSO-North Pacific index correlation (i.e. Fig. 6c ).
In the subset of ERA-20CM realisations that exhibit similar strength to the observed ENSO-North Pacific teleconnection during the early-century period, there are large differences in extratropical circulation but not in tropical precipitation anomalies (i.e Fig. 11 ). This suggests that the high correlation in the early century period is largely due to internal extratropical variability, rather than being forced by a larger precipitation response to ENSO over the equatorial Pacific, as in the late-century period. This conclusion is supported by the study of Deser et al. (2017) , in which they demonstrated that internal variability can generate a wide range of responses to similar ENSO events. In the ERA-Interim dataset, an intensification of the North Pacific index is associated with anomalous eddy vorticity fluxes that force the zonal jet anomalies (i.e. Fig. 14g ).
Comparing this with the ERA-20CM simulations suggests that the early-century period in observations was likely associated with anomalous storm track activity, which resulted in the strong teleconnection to the North Pacific seen in the observations.
The varying nature of the ENSO teleconnection to the North Pacific has implications for seasonal forecasting. During the mid-century period, when there is a weak teleconnection to the North Pacific, seasonal hindcast skill is reduced over both the Pacific and Euro-Atlantic sectors . However, during the early and late-century periods, the strong observed ENSO teleconnection to the North Pacific is largely associated with increased hindcast skill. The analysis presented here suggests that strong forcing from precipitation anomalies in the equatorial Pacific is responsible for the increased skill in the late-century period, which is well captured in the ERA-20CM ensemble. The high levels of skill in the early-century period are associated with a signal that is too weak in the ensemble, indicating that hindcasts may be considered under confident during this period. The ERA-20CM suggests that extratropical internal atmospheric variability played an important role in strengthening the ENSO teleconnection to the North Pacific, therefore the high levels of skill in hindcasts of this period may be considered to have arisen due to a somewhat fortuitously strong ENSO-North Pacific relationship. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
